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WIND-TUNNEL AND FLIGHT INVESTIGATIONS OF THE USE OF LEADING-EDGE AREA SUCTION
FOR THE PURPOSE OF INCREASING THE MAXIMUM LIFT COEFFICIENT OF A 35° SWEPT-
WING AIRPLANE 1!

By Curt A. Horzrauser and RicHARD S. BRAY

SUMMARY

An investigation was undertaken to determine the increase in
mazximum lift coefficient that could be obtained by applying
area suction near the leading edge of a wing. This investi-
gation was performed first with a 36° swept-wing model in
the wind tunnel, and then with an operational 35° swept-wing
airplane which was modified in accord with the wind-tunnel
results, ’

The wind-tunnel and flight tests indicated that the maximum
lift coefficrent was increased more than 60 percent by the use of
area suction. Good agreement was obtained in the comparison-
of the wind-tunnel results with those measured in flight.

INTRODUCTION

It has been observed in numerous investigations that the
maximum lift coefficient of thin wings and wings with
sweepback are frequently limited by air-flow separation
from the leading edge of the wing. This type of air-flow
separation is the result of large adverse pressure gradients
developed over the forward portion of the airfoil at an angle
of attack. The magnitude of these adverse pressure gradi-
ents can be reduced by the use of leading-edge camber or
increased leading-edge radius, either of which tends to delay
leading-edge air-flow separation to higher angles of attack,
and consequently to higher values of lift coefficient. Another
manner in which leading-edge separation cen be delayed is
to stabilize the boundary layer in the region of the leading
edge so that these large adverse gradients can be tolerated.
Two methods of stabilizing the boundary layer are to
re-energize the boundary layer by blowing high-energy air
into it, or to remove the low-energy portion of the boundary
layer by means of suction.

A theoretical analysis made by Thwaites in 1946 (ref. 1)
suggested that air-flow separation from the leading edge of
an airfoil could be delayed by the use of only small quantities
of suction air when distributed over a porous area. To
distinguish this method of applying suction from that of
suction through a slot, it is hereafter referred to as area
suction, The two-dimensional experimental investigations
reported in references 2 to 5 indicated that area suction
could be applied at the leading edge of the airfoil to delay

air-flow separation from the leading edge and that the suction
flow quantities required were small. Because of the increases
in maximum lift coefficient indicated to be possible with
low suction flow quantities, a three-dimensional investigation
was planned to obtain the information necessary for design-
ing & porous leading edge for an airplane.

The three-dimensional investigation was to be performed
in two phases; the first in the wind tunnel], and the second in
flight. The purpose of the wind-tunnel test was to determine
the effect of chordwise axtent of porous area on the maximum
lift coefficient as well as on suction requirements. These
results were to be used to demonstrate the increases in
meximum lift coefficient obtainable with area suction, and
to make & comparison with the chordwise extents and suction
flow quantities computed by the method setforth by Thwaites.
The results were also to be used as a basis for the design of
a porous leading edge and pumping system for the flight test
vehicle. In addition to checking the wind-tunnel results,
the purposes of the flight test were to evaluate and compare
the flight characteristics of an airplane having leading-edge
area suction with those of other high lift devices, namely a
slatted leading edge and a leading edge modified to have
increased camber and radius at the leading edge. The flight
tests would also be used to ascertain the existence of possible
limitations to the use of a porous leading-edge installation
which could not be revealed by wind-tunnel tests.

In order to accomplish satisfactorily these objectives, an
operational airplane was chosen as the basic vehicle for both
the wind-tunnel and the flight investigations. This airplane
was the F—86 which has a 35° swept-back wing and hori-
zontal tail. The wing panels and horizontal tail of an
F-86 airplane were modified and mounted on a research
fuselage and tested in the Ames 40~ by 80-foot wind tunnel
in 1951. At the completion of the test, North American
Aviation, Ine., received a contract from the United States
Air Force to modify an F-86F airplane for the application
of area suction at the leading edge of the wing. The design
of the porous leading-edge installation was based on the
wind-tunnel results. The airplane was then turned over to
the NACA in 1954 for further instrumentation and flight
testing. A standard F-86A airplane was used to obtain
comparative flight characteristics of the airplane having a

1 Supersedes NACA RM A52G17 by Curt A. Holzhauser and Robert K. Maitln, 1852, and RM A55C07 by Richard 8. Bray and Robert C. Innls, 1955,
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normal leading edge, a slatted leading edge, and a leading
edge having increased camber and radius. The results of

the wind-tunnel and the flight tests are included in this
report.

NOTATION
wing span, ft
¢ chord, measured parallel to the plane of symmetry, ft
. b2
cdy
¢ mean aerodynamic chord, Y5 ft
J cdy
0
. drag
(o drag coefficient, S
¢ section lift coefficient, (1/c) ? P dz cos a—(1/c)
56 Pdzsin o
. . Lift
4% lift coeflicient, ?S’
Ci,,. maximum lift coefficient
Cm pitching-moment coefficient, referred to quarter-
chord line, pitching moment
gSc
. R
Co flow coefficient, UsS
hy total pressure at pump inlet, Ib/sq ft
l surface length of porous material, measured parallel
to the plane of symmetry, ft
H ratio of displacement thickness to momentum thick-
8*
ness of boundary layer, 7
P free-stream static pressure, lb/sq ft
Pa static pressure in duct, Ib/sq ft
P local surface static pressure, 1b/sq ft
Dy static pressure in plenum chamber, 1b/sq ft

P airfoil pressure coefficient, ?Lzﬁ

P, duct pressure coefficierit, Zi'q—_l’

P, pressure coefficient measured in plenum chamber of

model or at pump inlet of airplane, p_,,q—_p or ht_g—l’,
respectively

free-stream dynamic pressure, 1b/sq ft

volume of air removed through porous surface,
based on free-stream. density at test altitude, cu
ft/sec

Reynolds number, %

Falal

wing area, sq ft

thickness of porous material, in.

velocity in the boundary layer, ft/sec

free-stream velocity, ft/sec
1 local velocity outside of the boundary layer, ft/sec
U,,: maximum local velocity outside of the bouadary

layer, ft/sec

suction-air velocity, normal to surface, ft/sec

gqgs T 3

wing loading of airplane, 1b/sq ft

wlg s
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x chordwise distance parallel to plane of symmetry, ft

y spanwise distance perpendicular to plane of sym-
metry, ft

z vertical distance, ft

a angle of attack referred to fuselage center line, deg

5* displacement thickness of boundary layer, ft
P flap deflection, deg -

Ap pressure drop across porous material, 1b/sq {t
7 fraction of semispan, %y a
K momentum thickness of boundary layer, ft

kinematic viscosity of air, sq ft/sec

DESIGN OF THE POROUS LEADING EDGE
PRINCIPLE OF AREA SUCTION—THWAITES ANALYSIS

The use of area suction to delay leading-edge type of
air-flow separation was suggested by Thwaites in reference
1. This report presented & method by which the chordwiso
extent of porous area required to prevent leading-edge air-
flow separation was estimated, and it presented equations
whereby the suction quantities required for area suction
and slot suction were calculated and compared. It was
concluded in Thwaites’ analysis that the application of area
suction near the leading edge of an airfoil would delay
leading-edge air-flow separation by the use of suction
flow quantities only a small fraction of those required for
suction through a slot.

It was reasoned by Thwaites that it is necessary to have
porous suction extend chordwise on an airfoil only to the
point where at the desired lift coefficient, the adverse velocity
gradient is no more severe than the maximum velocity gradi-
ent reached prior to leading-edge air-flow separation without
ares suction. Since it is difficult to estimate the required
chordwise extent of area suction by a comparison of velocity
gradients, the simplifying assumption has been made that
area suction is required in the region of the adverse velocity
gradient where the ratio of local to free-stream velocity is
greater than the maximum value reached without area
suction. An example of this latter approximation is given
in the following sketch. It has been found that the chord-
wise extents estimated by this simplified method are slightly
greater than those estimated by a comparison of the pressuroe
gradients.

In order to calculate the suction quantities required to
delay leading-edge air-flow separation, use was made of tho
basic momentum equation for boundary-layer flow:

dau do du
UE(8*+20)+U’E=w(x)U+u(Eg),_o
To simplify solution of this equation, Thwaites specified
that the suction velocity, w(z), be constant in the chordwise
direction. He also specified that the velocity distribution
through the boundary layer with suction applied would be
maintained similar to that of a Blasius profile. With these
simplifying specifications it was possible to find a chordwise
distribution of velocity for which a Blasius boundary-layer
profile could be supported with a given suction-air velocity.
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The suction-air velocity required at any desired lift coeffi-
cient could then be calculated from the equation:

w_ 1 1

V(D). 7
In this equation, K is determined from a comparison of the
chordwise velocity distribution of the airfoil at the desired
lift coefficient with the chordwise velocity distribution which

would support a Blasius profile with a particular suction-air
velocity (ref. 1).

Since it was specified that the suction velocity be constant
in the chordwise direction, and since the chordwise extent
required was obtained previously, the suction quantity
required for the desired lift coefficient of the airfoil section
can be computed.

TWO-DIMENSIONAL APPLICATIONS OF AREA SUCTION

Several experimental investigations have been made with
aren suction near the leading edge of two-dimensional air-
foils. The results of these tests are reported in references
2 to 5. These results indicated that applying area suction
near the leading edge of the airfoil delayed air-flow separation
and increased the maximum lift coefficient of the sections.
In these tests, it was noted that the increases in the maximum
lift coefficients obtained with area suction appeared to be
limited by air-flow separation occurring either-at the trailing
edge of the airfoil or from the tunnel walls.

An application of Thwaites’ analysis to the results of the
tests reported in references 2 to 5 indicated that the method
used to estimate the chordwise extent of porous area was
valid. However, the suction quantities required for the
two-dimensional tests were 10 to 15 times greater than the
values computed by the equations derived by Thwaites.
Further, for some lift coefficients, near the maximum values
obtained with suction, the ratio of suction flow quantity to
free-stream velocity had to be increased as the free-stream

velocity was increased (refs. 4 and 5); whereas Thywaites’
analysis indicated that this ratio should decrease.

At the present time, it cannot be determined to what extent
the results of the two-dimensional tests were affected by the
flow separation that occurred either at the trailing edge of
the airfoil or from the tunnel walls.

THREE-DIMENSIONAL APPLICATION OF AREA SUCTION

An exploratory test performed on a 63° sweptback wing
m the Ames 40- by 80-foot wind tunnel in 1949 showed
that area suction was effective in delaying the leading-edge
air-flow separation. When Thwaites’ analysis was applied
to the airfoil sections near the tip of this sweptback wing,
the location of initial air-flow separation, the results were
similar to those for two-dimensional sections in that the
chordwise extents of porous area could be estimated but
the suction-air velocities were about 10 times the values
computed to be necessary. However, when Thwaites’
analysis was applied to the sections inboard of the tip, it
was found that the minimum -chordwise extents found
necessary for the tests were less than those estimated to be
necessary; as on the wing tip, the minimum suction-air
velocities used on the inboard sections were about 10 times
the values computed to be necessary. The result that the
chordwise extents of porous area inboard were less than the
values indicated to be necessary is believed to be caused by
a spanwise boundary-layer flow similar to that noted to
exert a strong effect on the section maximum lift coefficients
of the 45° swept wing of reference 6.

Although a lack of agreement existed between the theo-
retical and experimental results, it appeared that Thwaites’
analysis could be modified to provide a first approximation
in the design of the porous leading-edge installation. The
manner in which this was done for the tests reported herein
is described in the following paragraphs.

Tests were first performed on the 35° swept-wing model
without boundary-layer control in order to obtain the force
and pressure-distribution data for the basic model. A lift
coefficient of 1.93 with flaps deflected was then chosen as
the lift coefficient desired without air-flow separation, and a
free-stream velocity of 112 feet per second was chosen for
the test velocity. The section lift coefficients and the cor-
responding chordwise velocity distributions for four spanwise
stations were then obtained for a wing lift coefficient of 1.93
by linear extrapolation of the measured data without area
suction to an angle of attack corresponding to the wing lift
coefficient of 1.93. This procedure was followed rather than
the use of theoretical values or values obtained from two-
dimensional tests because it was felt that linear extrapolation
of the measured data provided more accurate values of the
spanwise section lift variation and the chordwise and span-
wise velocity distributions, particularly when the partial-span
trailing-edge flap was deflected. The chordwise extents of
porous area required at four spanwise stations were then
obtained by a comparison of the individual velocity diagrams
at section lifts corresponding to a wing lift coefficient of
1.93 with the comparable diagrams at the maximum section
Lift coefficients without area suction. 'The suction-air veloci-
ties at the same four spanwise stations were then computed
for the desired wing lift coefficient of 1.93 and free-stream
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velocity of 112 feet per second by using the equations set
forth by Thwaites and the velocity diagrams at the desired
section lift coefficient for each of the stations. The values
of these requirements and the expected section lift coefficients
are tabulated below:

Ratlo of suctlon-air to
free-stream

Spanwise sta- Sectlonlift co- Chordwise ex- -velocity,
tion, 2y/b efflcient, ¢t tent, =/e w/U
0.25 1 95 0. 027 0. 0030
.45 211 . 023 . 0033
. 65 190 _ . 020 . 0040
.85 1.76 . 020 . 0048

These values were then used in the design of the porous
leading edge for the wind-tunnel model as follows. The
chordwise extent of porous ares was approximately doubled
to allow ample freedom in adjusting the porous-area opening
by trial and error. The suction-air velocities required were
assumed to be 12 times the values computed (as an average
between the factors of 10 to 15 noted in the previous tests).
It was assumed that the suction-air velocities required to
control separation should be constant in the chordwise
direction. Since the external surface pressures vary in the
chordwise direction whereas the internal duct pressure is
constant, as shown in the following sketch, a porous material
whose porosity varied along the chord was used to maintain

~—Pressure distribution
7/ with area suction

o>

approximately constant suction-air velocities over the chord-
wise oxtent of porous area. It should be pointed out that
Thyaites specified that the suction-air velocities be constant
in the chordwise direction to simplify solution of the equa-
tions, and it is not known whether & constant suction-air
velocity is necessary or even desirable for the lowest flow
quantities.

The design of the porous leading edge of the flight vehicle,
the F-86F airplane, was based on the results of the wind-
tunnel tests of the 35° swept-wing model. The desired lift
coefficient was 1.81 with flaps deflected and the free-stream
velocity was 148 feet per second. It should be pointed out
that the flight lift coefficient of 1.81 corresponds to an un-
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. trimmed lift coefficient of 1.93 measured in the wind-tunnel

test. These values were chosen on the basis of the character-
istics of the suction pump used and the wing loading of the
airplane; further details may be found in reference 7. The
suction-air velocities at the design condition were chosen as
16 times the values computed, in contrast to the factor of
12 used for the wind-tunnel investigation. The higher factor
for the flight airplane was used to allow for the possibility of
unknown adverse effects that might occur in flight. It was
again specified that the suction-air velocities should be con-
stant in the chordwise direction, and therefore the porous
material used had a porosity that varied in the chordwiso
direction.

DESCRIPTION OF RESEARCH VEHICLES, INSTRUMENTA-
TION, AND TESTS

WIND-TUNNEL MODEL

Since the wind-tunnel investigation was to be the basis of
the design of an area-suction installation on an F—86 airplane,
the wing panels and horirontal-tail surface of an F-86 were
utilized on the model. These surfaces were mounted on a
circular fuselage in the same relative location to each other
as on an F-86 airplane. The general arrangement of this
model is shown in the photograph of the model mounted in
the tunnel, figure 1 (a), and in the two-view drawing, figure
2 (a). Additional dimensions of the model are provided in
table I.

The wing had 35° of sweepback measured at the quarter-
chord line and had an airfoil section of approximately 11
percent thickness normal to the quarter-chord line (coordi-
nates of the airfoil are given in table II). The structure
ahead of the front spar was replaced by the porous surface
and ducting to enable application of area suction (figs. 3 ()
and 4 (a)). The porous surface near the leading edge of
the wing consisted of an outer surface of metal mesh which
was backed with a porous, hard wool felt material. The
metal mesh had a thickness of 0.008 inch and had 11-percent
open area (4225 square holes per square inch with each
side of the hole about 0.005 inch long). This mesh extended
from the 5-percent chord station on the upper surfaco to
the 3-percent chord station on the lower surface of the wing,
and from the intersection of the wing and fuselage (2y/b=
0.10) to the beginning of the wing tip fairing (2y/b6=0.96).
The wool felt backing the mesh outer surface was tapered
in the chordwise direction to provide the varying porosity
required to compensate for the surface pressure distribution
in order to obtain a constant suction-air velocity in the
chordwise direction. The spanwise distribution of suction-
air velocity specified for the design condition is shown in
figure 5. The tapered wool felt was cut from }4-inch-thick
material weighing about 9 pounds per square yard. This
¥ inch-thick material had the pressure-drop variation with
suction-air velocity shown in figure 6 ; for the range of suction-
air velocities of interest, the pressure drop at a given suction-
air velocity was proportional to the thickness of the felt.
The thickness variations of the felt backing used in the
wing are given in figure 7. It will be noted from this figure
that while a continuously varying chordwise porosity was
realized, the spanwise variation was made in four steps
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(a) The 35° swept-wing model mounted in 40- by 80-foot wind tunnel.
(b) The F-8GF airplane.

TFreure 1.—Photos of the model and the airplane equipped with a
porous leading-edge installation.

rather than continuously as specified in figure 5; this approxi-
mation was adopted since the specified variation was rela-
tively small. Chordwise and spanwise extents of porous
aren were controlled by sealing with a nonporous cellulose
tape 0.003 inch thick. In order to simulate the leading edge
of an I"-86 with slats retracted, the porous leading edge was
completely taped. Partial taping of the porous leading edge
provided the four spanwise distributions of chordwise extents
studied in the wind-tunnel tests, configurations A, B, C,
and D, shown in figure 8.

The normal F-86 ailerons and single-slotted flaps were
retained on the model. The ailerons were locked in &
neutral position, and the flaps were either undeflected or
fully deflected, a deflection of 38° measured normal to the
flap hinge line.
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(a) The 35° swept-wing wind-tunnel model.
(b) The F-86F airplane.

Fiaure 2.—General arrangements of test vehicles equipped with
porous leading-edge installations.

The fuselage used was circular in cross section and the
i
radius, in feet, is defined by the equation 1.84 l:l -—-(%-—1)3:'; .

This fuselage has & larger fineness ratio (11.5 as compared
to 6.9) and a smaller width (0.10 /2 as compared to 0.13
b/2) than the fuselage of the ¥-86 airplane. Use of this
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(b)

(a) The 35° swept-wing wind-tunnel model.
(b) The F-86F airplane.

Fiaure 3.—Plan view of wings with porous leading-edge installations.

fuselage necessitated mounting the wings in & midwing
location in contrast to the low wing position of the F-86
airplane.

The horizontal tail, which had 35° of sweep measured at
the quarter chord line, was set at 0° incidence with the
clevators set at 0° deflection.

The pumping equipment for the porous leading edge was
housed in the fuselage. The pump consisted of the com-
pressor portion of a turbosupercharger, and was driven by
a 300-horsepower variable-speed electric motor. This pump
induced the required suction flow quantities through the
porous surface and then into ducts in the wing which had
individual valves near the root of the wing to control the
flow (see fig. 3 (a)). The air then dumped into a plenum
chamber in the fuselage prior to entering the pump and
was discharged from the pump through a duct in the bottom
of the fuselage (see fig. 2 (a)). In order to measure the
suction flow quantities, a survey rake was located at the
exit on the bottom of the fuselage. This rake consisted of
54 total-pressure tubes, 9 static-pressure tubes, and 1 thermo-
couple and was calibrated against a standard ASME orifice

Metal mesh surface 7 F: Ducts

N\
Tapered felt backing, / ! N
N,

(a)

Stainless steel
porous mcleriol\
~.

o “‘/__:P[;-Ducts to outboard panel

]
Plenum chamber -/>&I\
(b)
"
1.08' |
Slat extended——lr
[ ~==<Slat retracted
+ ! { . .
[}
~ TI0'R '/Clso
< .
1
(c)
.65' —+
™
} A0'R
- -
> _ _—Unmodified profile
I Y\\
J4'R —=

(d)

(a) Porous leading edge for wind-tunnel model.
(b) Porous leading edge for F-86F airplane.
(¢) Slatted leading edge for F—86A airplane.
(d) Cambered leadmg edge for F~86A airplane.

Freure 4.—Cross sectiors of the various leading edges. Seotions are
normal to the quarter-chord line at the 0.47b/2 station.

meter. The power input to the suction pump was measured
with a wattmeter.

To measure the external surface pressure distributions,
static pressure orifices were installed on the upper and lowor
surfaces of the left wing in streamwise rows at 2y/b=0.25,
0.45, 0.65, and 0.85; the chordwise locations of these orifices
are given in table ITI. Orifices were also located in the
ducts of the wing, as well as in the plenum chamber, in
order to permit evaluation of the pumping requirements
and duct losses.

WIND-TUNNEL TESTS AND CORRECTIONS

Force measurements were made for all configurations
throughout an angle-of-attack range of —4° to 30°, at an
angle of sideslip of 0°. The free-stream velocity was 112
feet per second which corresponded to a Reynolds number
of 5.8X10°% based on the mean aerodynamic chord. The
spanwise distributions of chordwise extent of porous area,
configurations A, B, C, and D, were obtained by trial and



WIND-TUNNEL AND FLIGHT INVESTIGATION OF LEADING EDGE AREA SUCTION ON SWEPT-WING AIRPLANE 581

12 € T T
2y/b =010-.25
4 — e
L]
Flight design, /=148 fi/sec\ | //"\ L—]
10 - 2 —
/ / °
/ ™
8 - 6 7
2y/b =0.25-.55 _—
- 4 —
g L—"1 g /
g o 1 5.2
X ~
< oF—1—
2
4 |1 o6 |
~ v
~ 3 | 2y/b=055-.80 |
““Wind tunnel design, U=112 ft/sec % 4 /b LT |
2 e —]
2 L~
0]
6 ,
Y 2 4 6 .8 10 2y/b =0.80-.96 S SN R
2/t a L
/
Fraure 5.—Spanwise variation of the suction-air velocities desired 2 //
for the porous-leading-edge installations. /
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error in the following manner: the lower surface of the porous
leading edge was taped from the leading edge (z/c=0) to the
rear edge of the porous surface (z/c=0.03); this area was
taped for the entire test. Next, the upper surface was taped
so that a constant width opening was obtained with the
chordwise extent of porous area on the outboard portion of
the wing approximating the value calculated to be necessary
for the design lift coefficient of 1.93. For this configuration,
a polar was run and the maximum lift coefficient and the
flow coefficient required were measured. Then the rear
edges of the inboard openings were progressively taped
until a further reduction in chordwise extents would reduce
the maximum lift coefficient. This procedure was repeated
for the forward edge of the porous area and then for the tip
of the wing. The resulting distribution of porous area was
such that any further reduction in porous sres extent any-
where along the span of the wing would result in a reduc-
tion in the maximum lift coefficient from the original value
measured; this distribution of porous area was that of con-
figuration B. A similar, although less extensive, procedure
was followed in arriving at the distributions of porous area
providing & higher maximum lift coefficient and two lower
maximum lift coeflicients. In order to determine the effects
of free-stream velocity as well as to simulate the flow con-
ditions of the F—86 airplane in a landing and a take-off con-
figuration, additional measurements were made at free-
stream velocities corresponding to wing loadings of 30, 40,
and 50 pounds per square foot.
made by changing the dynamic pressure of the wind tunnel
for each angle of attack so that Cp.Xg was constant and
equal to the wing loading, W/S. The maximum velocity at
which these tests were performed was 180 feet per second
which corresponded to a Reynolds number of 9.3X10°
The various configurations and test conditions are sum-
marized in table IV.

Standard tunnel-wall corrections for a straight wing of the
same aren and span as the sweptback wing were applied to
the force data measured. No corrections were made for the
strut interference, and no tares were applied to the pitch-
ing moment since they were believed to be negligible for the
data of interest. Calculations indicated that the effect of
the thrust of the exhausting air on the force characteristics
was negligible.

The suction requirements (flow coefficients, duct and
plenum chamber pressure coefficients, and power supplied
to the blower) were measured for all configurations of the
model with suction applied. However, only near the maxi-
mum lift coefficient were sufficient data taken with different
values of suction flow coefficient to be able to define the mini-
mum values of suction flow coefficient required to obtain the
measured lift coefficient with the porous area installation
tested. All values of flow coefficient presented were corrected
to standard sea-level conditions. Limited measurements in-
dicated that leakage resulting from the method of construc-
tion of the model was less than 10 percent of the total flow
coefficient, and the values of flow coefficients were not cor-
rected for this leakage. All values of the measured power
input to the pump included pump losses and leakage. The
duct losses were determined from pressure measurements in

These latter tests were
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the duct behind the porous leading edge and in the plenum
chamber just ahead of the compressor, and the pump losses
were obtained from the characteristics of the pump. Con-
sequently, the suction power required to compress the air
from inside the wing ducts to a free-stream condition was
then computed by subtracting from the measured power

input the sum of the duct and pump losses.

Wool yarn tufts were taped to the upper surface of tho
wing during some of the tests to observe the boundary-layer
flow characteristics as the stall was encountered.

FLIGHT TEST ATRPLANES

F-86F airplane with porous leading edge.—The general
arrangement of the F—86F airplane is shown in the photo-
graph, figure 1 (b), and in the two-view-drawing, figure 2 (b).
The airplane was a standard F-86F medified to incorporato
a porous leading-edge installation. Dimensions of the air-
plane are given in table I.

The wing had 35° of sweepback at the quarter-chord line,
and the structure forward of the front spar was mcdified Lo
incorporate the porous leading edge and ducting in a manner
similar to that of the wind-tunnel model (figs. 3 (b) and 4 (b)).
However, the method of construction differed since it was
desired te place no restriction on the operation of the airplanec.
The porous leading edge was constructed of panels of sin-
tered, porous stainless steel having a constant thickness of
about 0.050 inch, and having a varying porosity to provide a
chordwise varying pressure drop in order to maintain the
desired constant suction-air velocities over the chordwise
extent at each spanwise station. The spanwise distribution
of the suction-air velocity used for the design is shown in
figure 5. Ground tests indicated that the pressure-drop
characteristics of the leading-edge panels deviated locally
from the design values a maximum of 30 percent. The
spanwise distribution of the chordwise extent of the porous
area used was that of configuration B (fig. 8), which was
obtained by sealing portions of the porous leading edge with
lacquer. The porous leading edge was stiffened by nose ribs
only at the junctures of the porous panels. For each wing
panel, these junctures, which are shown in figure 3 (b),
formed four plenum chambers which were individually
ducted to the vicinity of the wing root where they wero
joined in a single duct leading to the pump. Valves were
located in each of the eight ducts to adjust the spanwise
suction-flow distribution ; these valves were closed to prevent
flow through the pump and ducts when the pump was not
being operated.

The pump used in this installation was a modified Thomp-
son Produects, Inc., B~31 turbosupercharger operated by
high-pressure air bled from the compressor of the airplanc’s
J—47 engine. The pump was mounted beneath the fusclage
and was covered with a streamlined fairing (figs. 1 (b) and
2 (b)). A valve located in the bleed-air duct was adjusted
by the pilot te control the pump speed. Due to limitations
on the amount of air that could be taken from the engine,
the maximum pump speed and resultant suction-flow quan-
tity were dependent upon the engine speed. The suction-
flow quantities were measured with a rake located at the
pump inlet. This rake consisted of two total-pressure tubes
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Frgure 9.—Characteristics of the area-suction pumping system at
the stalling speeds of the airplane; 7000 foot altitude.

and two static-pressure tubes and was calibrated against a
standard ASME orifice meter. In figure 9 is shown the effect
of engine speed on the maximum suction pump speed and on
the maximum flow coefficient corresponding to conditions at
the stalling speeds of the airplane at an altitude of 7,000 feet.
F-86A airplane.—The general arrangement and dimensions
of the F-88A airplane were the same as the F-86F, except no
pump and pod existed on the bottom of the fuselage. The
86 A was equipped with leading-edge slats which are shown
in figure 4 (c). These slats could be locked in the retracted
position or they could be allowed to extend automatically.
By removing the forward portion of the wing, the slatted
leading edge was replaced with the cambered leading edge
shown in figure 4 (d). This cambered leading edge also
incorporated an increased leading-edge radius. The coordi-
nates of this cambered leading edge are given in table II.

FLIGHT TESTS AND CORRECTIONS

F-86F airplane with porous leading edge.—Measurements
of the low-speed characteristics of the test airplane were
taken at an altitude of 7,000 feet to permit complete stalling
of the airplane without undue hazard. The data included
in this report were taken from time-history records obtained
in the following manner: with engine power and pump speed
set at appropiiate constant values, and starting at an air-
speed above the suction-off stall speed, the nose of the air-
plane was slowly elevated in such a manner as to decelerate
ot a rate not exceeding 1 knot per second. The records were
terminated when the pilot felt that the airplane was no longer
contrellable. The majority of these stalls were performed at
85-percent engine rpm in the interest of consistency in evalu-
ating the stalling characteristics of the airplane. However,
gince the maximum flow coefficient obtainable at 85-percent
engine rpm was about 0.0011, it was necessary to perform
saveral stalls at 100-percent engine rpm to determine the lift
characteristics of the porous leading edge with the maximum
available flow coefficient of 0.0012. These flight tests were
performed with the trailing-edge flaps undeflected as well as
deflected 38°. The chordwise extent of the porous area on
the leading edge of the airplane for all of the flights was that
of configuration B (fig. 8). In addition to the tests with
suction applied, tests were also made with suction off and
the duct valves closed. During some of the tests, wool
yarn tufts were taped to the upper surface of the wing; the
behavior of the tufts at the stall was recorded photographi-
cally.
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Fraure 10.—Variation of free-stream velocity and indicated airspeed
with lift coefficient for the conditions of the flight tests; 7000 foot
altitude.

The variations of the indicated airspeed and free-stream
velocities with lift coefficients for the average conditions of
the tests are shown in figure 10. These relationships cor-
respond to an average wing loading of about 45 pounds per
square foot. The values of lift coefficients presented in this
report are values corrected for the effect of the engine thrust;
the values of engine thrust used were obtained from data
provided by the manufacturer of the J—47 engine.

The flow coefficients measured were corrected to the static
conditions at the test altitude. Limited measurements indi-
cated that a negligible amount of leakage resulted from the

.method of construction of the porous leading-edge installa-

tion.

In addition to the quantititive tests previously mentioned,
several qualititive tests were made with the airplane. These
tests included evaluation of the landing and take-off per-
formance as affected by the suction equipment. Several
flights were also made in which the airplane was flown up to
8 Mach number of 0.9 and up to an altitude of 35,000 feet.
These flights were conducted with the F-86F airplane with
the porous leading edge and with a standard leading edge,
in order to obtain comparative values with the pump
installed and operating. Maximum speed and buffet
characteristics were of primary interest in this phase of the
investigation.

F-86A airplane.—Measurements of the low-speed charac-
teristics of this test airplane were also taken at 7,000 feet,
and the data presented in the report were obtained and
corrected in the same manner as those for the F—86F airplane.
These data were obtained with the slatted leading edge
automatically extended, as well as locked in the retracted
position. Similar data were also obtained for the airplane
with the cambered leading edge.

The wing loadings of the F-86A were approximately the
same as for the F—86F, and therefore the flight speed vari-
ation with lift coefficient presented in figure 10 is also appli-
cable for the F-86A.

RESULTS AND DISCUSSION

WIND-TUNNEL TESTS

Static longitudinal characteristics of model without suction
applied.—The three-component force data of the 35° swept-
back wing model without suction are shown in figure 11 with
the trailing-edge flaps fully deflected (38°) and undeflected
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(0°). The force characteristics with the porous leading edge
sealed simulate the operational airplane with the slats closed.
Also shown in figure 11(a) are the force characteristics for the
model with the porous area open but with no suction, sim-
ulating the condition that would exist for the porous leading-
edge installation when the suction pump is inoperative.
The data of this figure show that the air circulating through
the porous surface had a detrimental effect on the maximum
lift coefficient of the model.

Static longitudinal characteristics of model with area
suction.—Three-component force data of the 35° swept-wing
model with several chordwise extents of area suction along
the full span of the leading edge are shown in figure 11.
Included in the figure are the values of flow coefficients
required ot the maximum lift coefficients for the different
chordwise extents of area suction. The extensions of the
linear portion of the lift and pitching-moment curves and of
the drag parabola indicate that the use of area suction at
the leading edge delayed air-flow separation. External
surface pressure distributions with and without suction
applied at 13° and 17° angle of attack are shown in figure 12.
These distributions show that the pressure distributions were
not changed when suction was applied at an angle of attack
below that at which separation occurred without suction;
whereas at larger angles of attack, the pressure distributions
were changed from distributions indicating separation to
ones indicating that the separation was eliminated by area
suction., The effectiveness of area suction in delaying air-
flow separation and, hence, increasing the lift coefficient of
the wing is more clearly shown in figure 13 in which the
section lift coefficients, obtained from integration of pressure
distributions, are plotted as a function of angle of attack.
The complete pressure distributions presented in graphical
form at the end of this report (figs.24 and 25) show the
spanwise progression of the air-flow separation. The pressure
distributions presented with suction applied are for the
porous-area configuration B with flaps deflected; however,
the effects of area sucticn on the pressure distributions were
similar for the other configurations tested. The force and
pressure data presented in figures 11, 12, 24, and 25 were for
a free-stream velocity of 112 feet per second; however, it was
found that increasing the free-stream velocity to 180 feet
per second (the maximum velocity of the test) did not signifi-
cantly alter these characteristics.

Suction requirements of porous leading edge.—In figure 11
values of flow coefficient required at the maximum lift cdef-
ficients measured with the different porous-area configura-
tions are listed. These values of flow coefficient are indica-
tive of the lowest values of flow coefficient which could be
used for each of the openings tested and yet maintain the
values of maximum lift coefficients shown in figure 11. For
each of the configurations, a reduction in the maximum lift
coefficient was measured when the flow coefficient was some-
what reduced; whereas, in contrast, doubling the flow coef-
ficient from the values presented had a negligible effect on
the maximum lift coefficient or on the angle of attack for
the maximum lift coefficient. Thus, it is seen that the
angle of attack and the maximum lift coefficient to which
the air-flow separation could be delayed were determined

—— With suction

(Porous area config. B)
————— Without suction
(Porous area sealed)

2y/b=.85

o] .2 4 -6 .8 1.0
(a) Chordwise station, x/c
-6 - = —— With suction
(Porous area config. B)
u ~—=—— Without suction
~14l- (Porous area sealed)

(8) a=13°

®) «=17°
Freore 12.—Effect of area suction on the pressure distributions of the
35° swept-wing model; 35=38°, =112 feet per second.
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Figure 13.—Variation of section lift coeflicients with angle of attack,
with and without area suction: 5,=38°, U=112 feet per second.

primarily by the chordwise extent of porous area. Further,
it should be pointed out that only a small increase in the
maximum lift coefficient was obtained when configuration A
was used in place of configuration B, even though the chord-
~ wise extent of porous area and the suction flow coefficients

were approximately doubled. Based on these results, as well
as on the pressure distributions, it is believed that air-flow
separation from the trailing edge of the wing limited the
maximum lift coefficient obtained with configuration A, and
that further large increases in the maximum lift coefficient
would not be expected by the use of area suction only at
the leading edge.

The data presented in figure 14 show the variation of
flow coefficient and duct pressure coefficient with lift coeffi-
cient for the different porous-area configurations tested at a
free-stream velocity of 112 feet per second. Since the effects
of free-stream velocity on the suction requirements were not
known, additional data were obtained at higher free-stream
velocities with porous-area configuration B and with the
flaps deflected 38°. These data were obtained at free-stream

velocities corresponding to those obtained at constant wing
loadings in order to simulate the suction requirements of an
airplane during a landing or take-off maneuver. These data
are presented in figure 15 and in table V. Figure 15 shows
the variation of suction flow coefficient and duct pressure
coefficient with lift coefficient, and table V summarizes the
measured power inputs and division of losses for several Iift
coefficients. It should be noted that the suction require-
ments presented in figures 14 and 15 are probably not the
minimum values required at all of the lift coefficients. There
are several reasons for this statement. Tirst, a range of
flow coefficients was run only at angles of attack near the
maximum lift coefficient, thus the flow coefficients presented
at lower lift coefficients are probably greater than those re-
quired to prevent air-flow separation. Second, the span-
wise control of the duct pressures was very limited, and the
duct pressure for the inboard sections of the wing could not
be adequately reduced to compensate for the variation in
peak surface pressures resulting from the span load distri-
bution. Third, theoretically, & particular distribution of por-
osity exists for each lift coefficient and free-stream velocity
to obtain a minimum flow coefficient; whereas in these tests
only one design was used for all lift coefficients and free-
stream velocities.

The date presented in figure 14 show that the flow require-
ments increased with increasing lift coefficients, and that
for each porous area configuration, a particular value of lift
coefficient was reached which could not be increased by
increased suction; this lift coefficient was the maximum lift
coefficient shown in figure 11. These data also show that
for a given lift coefficient, the suction flow coeflicient increased
with increasing porous ares extent, and the dashed curve in
figure 14 (a) represents the probable vaiiation of the mini-
mum flow coefficient required to reach any given lift coeffi-
cient with the design of porous material tested. Further, it
can be seen that for a given lift coefficient, the duct pressure
coefficient remained essentially unchanged when the extent
of porous area was increased, even though the required (low
coefficient was increased. This resulted because the pressure
drop through the porous material for all of the required
suction-air velocities was relatively small at the chordwise
location of the maximum surface pressure coefficient. Thus
the duct pressure coefficient was essentially equal to the
maximum surface pressure coefficient which was primarily a
function of the angle of attack.

The date of figure 15 indicate that increasing the free-
stream velocity did not affect the flow coefficient or duct
pressure coefficient at a particular lift coefficient. Therefore,
the suction power required should vary as the cube of the
free-stream velocity; this is verified by the data given in
table V.

Comparison of experimental results with those computed
by Thwaites’ method.—In figure 16 the experimentally
minimized chordwise extents are compared with those
predicted to be necessary for the same maximum lift coeffi-
cients. A comparison of the experimental and predicted
chordwise extents of porous areas show that the chordwise
extents for the maximum lift coefficients of 1.71, 1.87, and
2.03 were reasonably well predicted for the outboard portions
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Fieure 14,—Variation of suction requirements with lift coefficient for several porous area configurations on 35° swept-wing model ; U=112 feet
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of the wing where the initial separation occurred. The
chordwise extents of porous area required for the inboard
portions of the wing were considerably less than those
predicted to be necessary. This difference is believed to be
attributable to the spanwise flow of the boundary layer and
its effect on the maximum lift characteristics of the airfoil
sections on & sweptback wing; this effect is discussed in
reference 6 for a 45° sweptback wing.

The chordwise extent required on the outboard portion of
the wing for a maximum lift coefficient of 2.13 was about
twice that predicted to be necessary. It was noted in a
previous section that it was believed this maximum lift
coefficient was limited by air-flow separation fiom the
trailing edge of the wing rather than from the leading edge;
hence, the chordwise extent required was greater than that
predicted to be necessary based on considerations of leading-
edge separation alone.

The variation of the experimental flow coefficient with lift
coeflicient is compared in figure 17 with the values computed
to be necessary. The experimental curve used in this figure
is the envelope of the curves of figure 14 (a) for a free-stream
velocity of 112 feet per second. Two curves are shown for
the computed values; one curve is for the values computed

from the predicted chordwise extents of porous area and the
suction-air velccities calculated to be necessary by the
equations set forth by Thwaites. The other curve is 12
times the flow coeflicient computed to be necessary, and this
curve represents the magnitude of the difference between
the computed and experimental results. Figure 18 is
presented to show the spanwise distribution of the average
suction-air velocities at a lift coefficient of 1.93 and a free-
stream velocity of 112 feet per second. These suction-air
velocities were calculated from the measured external and
duct pressures at each of the four spanwise measuring stations.-
Included in figure 18 for comparative purposes is the spanwise
distribution of suction-air velocity used for the design of the
porous material. It can be seen in this figure that on the
outboard portion of the wing the average suction-air
velocities were of the order of those expected to be necessary
(based on previous tests with area suction), values about 12
times those computed from Thwaites’ equations. However,
on the inboard portion of the wing, the suction-air velocities
were considerably higher than had been anticipated. It is
believed that these higher values were caused by the inade-
quate control of the spanwise duct pressure that was available
on themodel. Thus, it can be surmised that it was fortuitous
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that the total flow coefficient was 12 times the computed
value (fig. 17).

It is also of interest to compare the chordwise distribution
of suction-air velocity with that used in the design of the
porous leading edge. For this purpose, the 0.85 semispan
station was chosen, and the chordwise distribution of suc-
tion-air velocity at three flow coefficients is shown in figure 19
for the design lift coefficient of 1.93 and freestream velocity
of 112 feet per second. These flow coefficients represent
values above the minimum required, the minimum required,
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Fiaure 17.—Comparison of experimental and predicted flow coeffi-
cients for the model; 3,=38°. U=112 feet por second.

and & value below the minimum required. Also included in
this figure are the lift coefficients measured at these three
flow coefficients. It can be seen from this figure that a loss
in lift was encountered when the flow coefficient was reduced
to the point where the suction-air velocity near the leading
edge was less than the value used in the design. It cannot
be determined, however, whether the suction-air velocities
aft of the leading edge could have been reduced by redesign-
ing the porous material.
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FLIGHT TESTS

Lift characteristics of the airplane with a porous leading
edge.—The lift characteristics of the test airplane with the
full-span porous leading edge are shown in figure 20 for
conditions of maximum available suction flow, and for
suction off with the porous surface open and the ducts
closed. Also included in this figure for comparative purposes
are the results of the wind-tunnel investigation for a similar

2.0 T T T 1 T T T L
©  Suction off
o Suction on / 1\
" Flight tests with F-86F airplane AN
I — — Wind tunnel tests of 35° model / 0
/ }.59‘ 3
16 // 'f FT
/’//u/‘ Toias :
14 A/ é,%.’ .
! 7 /
c ao Y |
¢ 7V V/
1.2 Vd %
AL 1ig !
,ﬁ’L B0
IO / Ve /
—0~-0
/ -
0 7]
5 p 8 12 6 20 24 28

a

Figure 20.—Comparison of flight results with those obtained in the
wind tunnel; porous area configuration B.

configuration (porous-area configuration B). It should be
pointed out that the wind-tunnel data have been corrected
to trimmed conditions for & center-of-gravity position similar
to that of the flight tests. TFor the flaps-refracted condition,
good agreement is obtained between the flight and wind-
tunnel results, with the flight installation providing a slightly
higher value of maximum lift coefficient. For the flaps-
down condition, the agreement is less satisfactory, with the
flight data showing lower lift throughout the angle-of-attack
range. This difference might be explained partially by
differences in the configurations of the wind-tunnel model
and the F-86 airplane. The wind-tunnel model had no
landing gear, but in its place were the model support struts;
in addition, the landing-gear wells were closed. The
fuselage of the wind-tunnel model bore no resemblance to
that of the F-86 airplane; it had a circular cross section
with a smaller width and a higher fineness ratio, and the
wing of the model was mounted on the fuselage center line
instead of the low position. Flight tests with the landing
gear -of the airplane extended and retracted indicated that
the major portion of the difference in lift at the lower angles
of attack is the result of a loss of flap effectiveness due to the
extended gear and open gear wells.

The stall with suction, despite the extremely nose-high
attitude due to angle of attack and the relatively high engine
power required, was not considered objectionable by the
pilot, but a lack of stall warning was noted. Although the
stall was abrupt, the accompanying roll-off and pitch-up
were of a controllable magnitude. With flaps and gear
retracted, the stall was considered extremely mild and was
characterized by a slight pitch-up and no roll-off. Just prior
to the stall with maximum suction power, tufts on the wing
surface indicated a strong spanwisé flow in the boundary
layer over the ailerons. With an increase in angle of attack,
the flow at the outboard portions of the trailing edge ap-
peared to separate, the area of separation rapidly spreading
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Figure 21.—Variation of lift coefficient with angle of attack for
several values of suction flow coefficient; 5,=38°, porous area
configuration B.
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Fieure 22.—Comparison of suction pumping requirements in the
flight tests and wind-tunnel tests; 3y=38°, porous area configura-
tion B.

forward and inboard as the stall was approached. However,
it appeared that while a trailing-edge type of stall was im-
minent, the final complete flow separation was triggered by
a disturbance occurring at the leading edge at about the
70-percent semispan station. Based on these observations,
as well as on the wind-tunnel results with a larger open
chordwise extent of porous area, it seems doubtful that
further increases in suction flow or refinements of the porous-
area configuration would produce large increases in maximum
lift coefficient. In contrast to the stall with area suction,
the pilot was not able to define the stall point of the airplane
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Fiavre 23.—Comparison of lift coefficients obtained with various
leading-edge high-lift devices; §p=238°.

with suction off. Buffeting and lateral unsteadiness ap-
peared at a speed corresponding to an angle of attack of
11° and increased gradually with increasing angle of attack.
Due to the lack of reference with which to gage rate of
sink, it was not obvious to the pilot that the airplanc was
beyond the maximum lift coefficient at angles of attack
above 13°. With suction off, tufts indicated that flow
separation appeared first from the leading edge at mid-
semispan and spread slowly outboard and inboard.

The effects of varying flow coefficient upon the lift char-
acteristics of the airplane with flaps deflected are shown
in figure 21. 'With a reduction in flow coefficient, the stalling
behavior of the airplane gradually changed from the abrupt
stall exhibited at maximum flow to the mild type of stall
that occurred with suction off.

Suction requirements of porous leading edge.—The vari-
ations of flow coefficient and pump inlet pressure co-
efficient with angle of attack are shewn in figure 22 for
porous-ares configuration B with the trailing-edge flaps de-
flected. To obtain a further comparison of the flight-test
and wind-tunnel-test results, figure 22 also includes the suc-
tion requirements, measured in the wind tunnel for porous-
area configuration B with flaps deflected, at a wing loading
of 40 pounds per square foot. These suction requirements
are compared on the basis of angle of attack rather than
lift coefficient because of the previously noted differences in
lift coefficient. Comparison of the flight and wind-tunnel
suction requirements indicates a close agreement near the
maximum effectiveness of the leading-edge suction installa-
tion; however, for angles of attack below 24°, the flight
installation appeared to require considerably less flow than
was required in the wind tunnel. The exact reason for this
discrepancy is not known; however, in the flight tests thore
was a better spanwise control of the duct pressure distribu-
tion. In addition, as was noted previously, the minimum
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suction requirements were not completely evaluated in the
wind tunnel at angles of attack below those for maximum
lift cocflicient.

Comparison of lift characteristics of various leading- edge-
type high-lift devices.—The lift characteristics of the F—86A
airplane having the trailing-edge flap deflected with a slatted
leading edge extended and retracted and with a leading
edge modified to include increased camber and leading-edge
radius are compared in figure 23 with those of the F-86F
airplane having the porous leading edge. Although slight
differences were obtained in the lifts measured at angles of
attack below the respective maximum lift coefficients, it is
felt that a ccmparison of the maximum lift coefficients is
indicative of the relative lift capabilities of the wvarious
leading-edge devices. These maximum lift coefficients, Crmaz,
are compared in the following table along with the pilot’s
opinions of the stalling characteristics of each device:

Configuration Ci,... Stalling characteristics
Porous leading edge, suction 1. 82 Controllable, but no stall
on, warning.
Cambered leading edge_ . .___ 1. 58 Not controllable and no stall

warnin

Normal leading edge, slats 1.36 Controll %le and adequate

oxtended. stall warning.

Normal leading edge, slats 1. 27 Controllable and adequate
closed, stall warning.

Porous leading edge, suction 1. 08 Controllable and adequate
off. stall warning.

It is evident that the area-suction leading edge is a con-
siderably more effective means of increasing the maximum
lift of & wing than the other high-lift devices. It can also
be seen that there was a reduction in the maximum lift
coefficient when the normal leading edge (slats closed) was
replaced by the porous leading edge and no suction was
applied. A similar loss was measured in the wind-tunnel tests
and was attributed to circulation of air through the porous
material.

Landing and take-off performance.—The effects of the
porous leading-edge installation upon the landing and take-
off characteristics of the F-86F airplane are reported here
only in terms of a pilot’s preliminary evaluation; no precise
measurements of speeds or distances were taken. The
performances quoted refer to the F-86A and F-86F airplanes
without external stores at normal take-off and landing
weights. This evaluation is subject to the following factors
which apply to the F-86 airplane as a type: (1) The airplane
is limited to a maximum ground angle of attack of about 15°
and has no protective tail bumper, and (2) at the highest
angles of attack which were attainable in the landing ap-
proach with the suction equipment, visibility was ob-
jectionably limited.

The take-off characteristics of the F-86F airplane with
the porous leading-edge instellation were considered very
similar to those of the normal F-86A or F-86F with slatted
leading edge. At normal gross weight for take-off, the nose
wheel lifted off at about 90 knots, indicated airspeed, and
the airplane became airborne at about 105 knots. After
take-off, however, an extremely nose-high attitude could be
attu'med which resulted in a steep angle of climb. At & climb
speed of 110 knots, flaps and gear up, under no-wind condi-
tions, an altitude of 1,000 feet could be easily attained before
reaching the end of an 8,000-foot runway.

The main advantage of the high maximum lift due to
guction in the landing approach was the increased ability to
maneuver; however, the high engine speed required to main-
tain adequate suction (about 70 percent of the maximum)
made it difficult to lose altitude and still approach at a low
airspeed. The best approach speed for a normal descending
type of approach seemed to be 112 knots. For a power-on,
carrier-type approach, a favorable speed was 105 knots.
Comparable speeds for the F-86A or F-86F airplane with
slats are about 120 and 115 knots, respectively. The touch-
down speed with suction applied was about 104 knots and
was limited by poor visibility and a fear of dragging the tail
pipe. It is obvious that the reduction in stalling speed
afforded by this leading-edge-suction installation cannot be
fully utilized on this airplane to decrease the landing speed.

High-speed performance.—Several flichts were made at
altitudes up to 35,000 feet and speeds up to those corre-
sponding to a Mach number of 0.9 in order to check the
effects of the suction equipment and porous leading edge
under these conditions. Determination of the effects of the
porous leading edge on the high-speed drag of the airplane
was made difficult by the fact that the contribution of drag
from the pump pod was unknown and apparently varied
with operation of the suction equipment. Therefore, drag
measurements were obtained with the porous leading edge,
suction on and suction off, and with a production leading
edge installed, and the pump operative and inoperative.
The results of these tests indicated that flow through the
porous leading edge had little effect on the high-speed flight
drag of the test airplane.

A check of the buffeting characteristics of the airplane in
turns at 35,000 feet revealed no measurable change in the
buffet boundary due to the porous leading edge, suction on
or off, from that of an F-86 airplane with a slatted leading
edge. At Mach numbers from 0.60 to 0.80 and at lift
coefficients above the buffet boundary, there was some
evidence of an increase in buffet amplitude with the suction
equipment operating at maximum power. A low-frequency
buffeting (7 to 8 cycles per second) accompanied an apparent
stalling of the pump and surging of the static pressure in the
duct which resulted in intermittent flow separation on the
wing. A similar condition could be found in turns at low
altitudes at indicated airspeeds of 200 to 300 knots. This
phenomenon has not been fully explained; however, it is not
considered particularly significant since the conditions are
well beyond the design operating range of the pumping
equipment.

Serviceability of the porous leading edge.—During the
early tests with the porous leading edge, disappointingly low
values of maximum lift coefficient were obtained. An
examination of the behavior of tufts on the wing showed
that the stall was being precipitated by a premature localized
flow separation which appeared immediately behind the
juncture of the two outer porous panels on the right wing.
Yawing the airplane to the right duplicated this condition on
the left wing. Removeal of portions of the nose ribs at the
junctures of the leading-edge panels, effectively eliminating
discontinuities in the porous area which were about ¥ of an
inch in width, resulted in an increase in maximum lift
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coefficient from 1.45 to 1.82. In contrast to the sensitivity
of the installation to small areas of reduced porosity was its
apparent insensitivity to wing surface condition near the
leading edge. In the original condition, numerous large
defects in contour existed in the modified portion of the
leading edge. During the course of the tests, a major
portion of the defects was removed by refairing the surface
immediately aft of the porous ares; however, no changes in
the aerodynamic characteristics of the wing were noted.

One flight was devoted to a determination of the effects
of rain on the operation of the suction equipment and upon
the lift of the wing. A series of stalls made in moderate to
heavy rain revealed no significant effects on either the lift
coefficient for the stall or the powerrequired. Unfortunately,
these flights were made early in the program, before the
highest lifts were being obtained, so any small effects of rain
might have been masked.

After approximately six months of operation of the aircraft
(60 hours of flight), low-quantity and pressure measurements
revealed no evidence of decreasing porosity of the leading-
edge material. Other than covering the leading edges
when the airplane was inactive, little special attention was
given to their maintenance.

CONCLUDING REMARKS

The results of the wind-tunnel and flight tests of a 35°
sweptback wing airplane having area suction applied to
the leading edge of the wing showed that the use of area
suction increased the maximum lift coefficient more than
50 percent. Although the maximum lift coefficients were

obtained with relatively low flow coefficients, relatively

high pumping pressure ratios were required. Good agreement
was obtained in the comparison of the wind-tunnel results
with those measured in flight. The increase in the maximum
lift coefficient obtained with area suction applied to the lead-
ing edge of the wing of the airplane was greater than that
obtained by the use of a slatted leading edge or a Jeading edge
having camber and increased leading-edge radius. Further,
there appeared to be no detrimental effects of the area-suction
installation on the operation or performance of the airplane.
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TABLE IL—DIMENSIONS OF THE TEST VEHICLES

Wing
Total area, 5q {t_. 287.9
8pan, It 37.1
Aspect ratlo e ccemmaaccamam—————— 4.78
Taper ratio 0. 51
Mean aerodynamio chord (wing ‘statlon 98.7 n. SF-B ( T 8.1
Dihedra] angle, deg. 3.0
Sweepback of leading edge, e - oo evceeeaen 3.7
Sweepback of 0.25-chord line, a 35.0
A ynamic and geometric tw WIS, Q08 oo oo om oo 2.0
Root alrfofl section (normasl to 0.25-0]1011‘1 line) NAOO{‘\ ‘(1)1001(12)-64
m
Tip atrfofl section (normal to 0.25-chord line) N%OA 0011-¢4
(modified)
Horizontal tafl
Total area, sqft.. 35.0
Bpan, ft 12,7
ASPeCt TR0 e e aam———— 4,05
Ta ratio - 0.456
edral angle, deg. . ceeommmao oo ceccaccicimacaececaazamm———. 10,0
M aerodynamic chord (horlzontal tall station 33.54 In,) ft.... 2,9
Sweepback of 0.25-chord line, d - - 34.0
Alrfoll section (parallel to canter P11 V.5 S, NAOQOA 0010-04
Vertical tall of the F-88 airplanes
Total area, 8q ft o o e 3.4
Bpan, It e ——aaaa 7.8
ABDECt TatI0 - e e ccmaecccccemcaaan 1.74
Taper ratio. PR 0.38
Sweepback of 0.25—(:]101'(1 1tne, deg - e 36,0
Distance betwesn wtng and horizontal tall g It cecaaae 18.1

TABLE II—COORDINATES OF THE WING AIRFOIL BEC-
TIONS NORMAL TO THE WING QUARTER-CHORD LINE
AT TWO SPAN STATIONS

(a) Coordinsates for normal F-86 wing

Section at 0.467 somispan Section at 0.867 somispan
Ohord- 2z, In. Ohord- z,in,
wise wise
- Lo -l Lo
. D) wer . by wer
sur& surface surﬂ surface
0 0.231 | oo 0 —-.08 | ......
.119 .738 —0.307 .089 . 278 —0.404
239 043 —.518 a1 420 —. 605
.368 1.127 —. 698 . 205 . 562 ~.739
. 597 1.320 —.805 .443 .701 ~.870
-098 1. 607 —1.196 - . 738 . 908 —1.089
1992 2,104 —1.703 1.476 1.273 —-1,437
3.984 2.715 —2.358 2.952 1.730 —1.878
5.976 3.121 —2.811 4.428 2,046 —-2.170
7.908 3.428 —3.161 5. 903 2,200 —-2,401
11.952 3.863 —3.687 8.865 2.648 -7
15. 938 4.157 —4.004 11.808 2011 —-2.04
19, 920 4.357 —4.384 14.758 3.104 -3.102
23. 904 4,480 —4. 573 17.710 3.24 =3.200
27.888 4.533 —4.719 20. 661 3,333 -3.250
31.872 4. 525 —4.800 23.613 3.380 —3.250
35,856 4.444 —4.812 26, 564 3.873 —-3.213
39,840 4.209 —4.768 29. 518 3.322 ~3.128
43.828 4.081 —4.638 32.467 3.219 —2.089
47.809 3.808 —4.452 35,410 3.074 —2.803
51708 3.470 —4, 202 38. 370 2.886 —2.574
85,777 3. 066 —3.891 41.322 2,850 -2,302
59. 761 2, 603 —3.521 44,273 2,374 —1.080
» 63,7456 2,079 —3.080 | »47.225 2. 064 —L 025
83. 631 —.T40 | 63. 031 I AR I
Leading edge radius: Leading edge radius
center at 0.822; conter at
1.201, 0.316 0.822, —0.083

= Straight lines to traillng edge.
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TABLE II.—COORDINATES OF THE WING AIRFOIL SBEC- TABLE IV.—CONFIGURATIONS OF THE WIND-TUNNEL
TIONS NORMAL TO THE WING QUARTER-CHORD LINE MODEL TESTED AND THE TEST CONDITIONS
AT TWO SPAN STATIONS

(b) Coordinates for the cambered leading edge of the F-86A airplano Porous Jeading-edge conflgnration e || Unftiseo | 1S
Bection at 0,467 semispan Section at 0.857 semispan Sealed._ . [ [ 112 varied
Bealed_ 38 | ceeeee 12 vared
B, root valves closed 38 none 112 varied
Chord- z, in. Chord- z,in. A 38 | suction 112 varled
wise wise B 38 | suction 112 varled
mh'il.on U] Lo siaigon T Lower % % mg«m ig ttg }gg 2
pper wer D; suction
surgée surface mrﬁ surface B 38 | suctlon | 145 to 150 50
(¢ 38 | suction 112 varied
D 38 | smetion 12
—1.602 ~L45 | .. —1.250 —1.3589 | oo U A 0 | su 112 varied
-1.273 —.348 —2. 552 —.034 —. 485 —2.102 B 0 | suction 12 varied
—. 856 222 -2, —.619 —.099 —2.454
—.438 .629 —3.114 —.304 197 —2.609
—.018 . 969 -3, .011 .45 —2.701
. 400 1,288 —3.391 .328 L6756 —2.769
.819 15627 —3.478 . 641 .867 —2.708
1,237 1.760 —3.523 . 056 1.040 —2.813
1.655 1,052 —3.540 1.272 1.180 —2.821
1092 2104 | oo 1.478 7
2074 | - —3.582 1.87 | . —2,813
2011 | o —3,531 2217 | . —2.787
4,166 | ooaoe —3.481 3168 | —2.742
6288 | ... —3.472 4739 | . —2.709
8,350 | ... —3. 542 6.314 | -—oo_- —2.712
1042 | . —3.6857 7.800 —2.751
14.628 | - —3.056 9.466 —2.808
15938 | ... —4, 084 1L 042 —2.885
1L.806 | ——oooo —2.044 TABLE V.—POWER REQUIREMENTS FOR 35° SWEPT-WING
T — MODEL WITH POROUS-AREA CONFIGURATION B AND
g edge us: edge radius: o
1,674; center at 1.261; center at FLAPS DEFLECTED 38
—0,018, —1.445 0.011, —1.359
Measured | Suction | Pump Duct
Cr, U, {tfsec Co mpc;vtv'ef] po];ver. lgm lga,
TABLE III.—LOCATION OF SURFACE PRESSURE ORIFICES pun AP | P P P
ON WIND-TUNNEL MODEL Wing loading, 30 1b/sq ft
[Position of orifices, fraction of streamwise chord]
1.99 112 0.00109 8 36 17 3
1.85 118 . 00098 44 30 12 2
0.25 3 station 0455station | 0652 and 0.85 3 station Lz = R @ = 1 2
) Lower Upper Lower U Lower ‘Wing loading, 40 1bfsq ft
sum surface su.?tl?ce surface sm?tg?e surface
1.09 129 . 00108 81 47 b1l 7
0 | ecmeoee- [ I 0 | ecmeee 1.85 134 . 00085 70 6
. 0025 0.0025 . 0025 0.0025 L0025 0.0025 172 140 . 00087 57 17 5
.005 . 005 .005 .00 .005 .005 1.60 145 . 00079 49 30 1 5
.01 .01 .01 .01 .01 .01
.0l6 .016 .015 .016 .015 .015
.02 .02 .02 .02 .02 .02 ‘Wing loading, 50 Ib/sq ft
.025 .025 .025 .025 .025 025
.035 . 035 .035 .035 .035 .035
.05 .05 .05 .05 .05 .05 1.99 145 . 00111 160 8 63 17
.076 .075 .076 .078 .075 075
.1 .1 .1 .1 .1 .1
.15 .15 .15 16 .15 .15
.3 .2 .2 .2 .2 .2
.3 .3 .3 .3 .3 .3
4 .4 4 .4 4 4
.5 .5 .5 .5 .5 .5
.6 .8 .6 .8 .6 .8
7 .7 .7 7 7 .7
. 765 .8 .74 .82 .8 .8
.78 .915 785 .98 .9 .9
.81 .98 .788 . 975 975
.02 .85
.08 .08
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¢] 2 4 .6 8 1.0 (0] .2 4 6 .8 o]
(c) Chordwise stotion, x/c ) Chordwise station, x/c

(a) «=0.3° (b) a=4.5°

(¢) «=8.7° (d) «=12.8°

Figure 24.—Chordwise pressure distributions of the 35° swept-wing model with porous leading edge sealed; §r=38°, U=112 feet per sccond.
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.85

Chordwise station, x/c

0 .2 4 .6 .8 1.0
Chordwise station, x/c

(€ a=13.9° (@ a=16.7°
(f) «a=14.8°

Fieorr 24.— Conocluded,
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2y/b=.85

0] .2 4 .6 .8 1.0 0 .2 4 6 8
Chordwise station, x/c Chordwise station, x/c

(a} (b)
(8) «=12.9° b)) a=17.0°

Freure 25.—Chordwise pressure distributions of the 35° swept-wing model with area suction applied and 8y=38°; porous area configuration B,
U =112 feet per second.
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. 6 .8 Lo 0 .2 4 .6 .8 1O
Chordwise stotion, x/¢ Chordwise station, x/p
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(d) a=24 30
Fravuep 25.~Continued.
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(0] .2 4 6 .8 1.O o} 2 4 6 .8 1.0
Chordwise station, x/c Chordwise station, x/c
(e) . (f)
(&) a=25.3° ) «a=27.2°

Ficore 25.—Concluded.



